Serum complement C3 levels are closely associated with obesity and related metabolic disorders. This study aimed to investigate the association between serum complement C3 levels with non-alcoholic fatty liver disease (NAFLD). A cross-sectional study was performed among adults who took their annual health examinations at Zhenhai Lianhua Hospital, Ningbo, China during 2014. We included 7540 participants (5069 men and 2471 women) in this study. NAFLD patients had higher serum complement C3 levels (P < 0.001), and these levels were positively associated with both NAFLD prevalence and severity (P < 0.001). The above association remains true among lean and metabolic syndrome-free participants. Multivariable regression analysis showed that serum complement C3 was independently associated with risk for NAFLD (OR = 5.231; 95% CI: 3.169-8.635). Serum complement C3 level is positively associated with prevalence and severity of NAFLD, and this association is independent of obesity and metabolic syndrome.
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Methods Study population. This study was performed among adults who took their annual health examinations at Zhenhai Lianhua Hospital, Ningbo, China during 2014. We excluded the following participants: (1) those with alcohol consumption greater than 140 g/week for men and 70 g/week for women; (2) those with history of viral hepatitis, autoimmune hepatitis, or other forms of chronic liver disease; (3) those with self-reported acute infection within 2 weeks; and (4) those with body mass index less than 18.0 kg/m 2 . A total of 7540 participants (5069 men and 2471 women) were enrolled in this study. The study protocol was approved by the Hospital Ethics Committee and performed in accordance with Declaration of Helsinki. All persons gave their informed consent prior to their inclusion in the study.
Clinical evaluations.
Clinical evaluations were performed according to procedures as previously described 9, 15 . In brief, demographic data, medical history, and health habits were recorded by trained physicians. Standing height and body weight without shoes and with light clothes were measured in standard procedures. Body mass index was calculated as body weight (kg) divided by square of height (meters). Waist circumference was measured at the level of the narrowest point between the iliac crest and the rib cage using a non-stretchable tape. Systolic and diastolic blood pressures were measured using an automated sphygmomanometer, with participants in sitting position.
Overnight fasting blood samples were obtained from each participant, and serum samples were separated for biochemical analysis without freezing. The biochemical values, including liver enzymes, serum lipids, glucose, and uric acid, were measured by a Hitachi 7600 autoanalyzer (Hitachi, Tokyo, Japan) using standard protocols. Serum complement C3 levels were assessed using immune-turbidimetric assay by a Hitachi 7600 autoanalyzer (Hitachi) using standard methods. The coefficients of variation were 4.5% and 6.6% for inter-assay and intra-assay, respectively.
Definition of NAFLD and metabolic syndrome. NAFLD was determined by hepatic ultrasound examination following exclusion of excessive alcohol consumption, viral, or autoimmune liver disease. Hepatic ultrasound examinations were carried out by trained ultrasonographists using a Toshiba Nemio 20 sonography machine with a 3.5-MHz probe (Toshiba, Tokyo, Japan). The ultrasonographists were blinded to the study design and clinical data. The criteria for ultrasonic diagnosis of fatty liver were based on those recommended by the Chinese Liver Disease Association 16 . Metabolic syndrome was defined as participant who has three or more abnormality of the following criteria recommended by new International Diabetes Statistics analysis. We performed statistical analyses using SPSS 18.0 software for Windows (SPSS Inc., Chicago, IL). We expressed continuous variables as mean and standard deviation or median and interquartile range, and compared through using Student's t-test or Mann-Whitney U test. We compared categorical variables using chi-square test. We applied a multiple stepwise regression analysis (backward: Wald; cutoff for entry: 0.05, for removal: 0.10) to assess the risk factors for NAFLD. We considered a 2-tailed P value less than 0.05 to be statistically significant.
Results
Serum complement C3 levels are elevated in participants with NAFLD. Of 7540 participants enrolled in this study, 2070 (27.45%) had NAFLD. The clinical characteristics of participants with or without NAFLD were presented in Table 1 . We found that participants with NAFLD were older, male predominant, and with higher body mass index, waist circumference, systolic and diastolic blood pressure than those without NAFLD ( Table 1) . We also found participants with NAFLD had significantly higher serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), γ -glutamyltransferase, albumin, triglyceride, total cholesterol, LDL cholesterol, fasting blood sugar, uric acid, white blood cell, and platelet count, while lower serum HDL cholesterol levels than those without NAFLD (all with P < 0.001; Table 1 ). A noticeable finding is that serum complement C3 levels were significantly higher in participants with NAFLD than those without NAFLD, suggesting a potential link between serum complement C3 levels with NAFLD (Table 1) .
Serum complement C3 levels are positively associated with prevalence and severity of NAFLD. To further clarify the association of serum complement C3 levels with NAFLD, we divided all participants into quartiles according to their serum complement C3 levels: < 1.07 g/L, 1.07-1.16 g/L, 1.17-1.26 g/L, and ≥ 1.27 g/L for quartile 1, 2, 3, and 4, respectively. We found a positive correlation between serum complement C3 quartiles and NAFLD prevalence. The prevalence was 7.8% among participants with serum complement C3 in the first quartile, and increased to 19.45%, 31.56%, and 49.41%, in quartiles 2, 3, and 4, respectively (P for trend < 0.001; Table 2 ). This finding suggests that participants with higher serum complement C3 quartiles are more likely to have NAFLD.
We also analyzed the association between serum complement C3 levels and severity of NAFLD. Individuals with ultrasonographic hepatosteatosis combined with abnormal liver enzymes are considered to be a more severe form of NAFLD 8, 18 . Therefore, we divided NAFLD patients into two groups according to whether their serum ALT levels were elevated (≥ 50 U/L) or not. We found that the medium (interquartile range) of serum complement C3 levels was 1.25 (1.16-1.36) g/L in NAFLD patients with normal range of serum ALT, but the levels increased to 1.33 (1.23-1.46) g/L in NAFLD patients with elevated serum ALT (Mann-Whitney U test, P < 0.001). We also found that the prevalence of NAFLD with elevated serum ALT, a more severe form of NAFLD, was positively correlated with serum complement C3 levels. The prevalence was 0.43%, 1.53%, 4.62%, and 10.63% in participants with serum complement C3 in quartiles 1, 2, 3, and 4, respectively (P for trend < 0.001). These findings suggest that serum complement C3 levels were not only associated with NAFLD prevalence, but also associated with disease severity.
The association between serum complement C3 and NAFLD is independent of obesity and metabolic syndrome. Obesity and metabolic syndrome are two major factors that closely associate with NAFLD, and these two factors may act as cofactors for the link between serum complement C3 levels and NAFLD. To explore whether the link between serum complement C3 levels and NAFLD is independent of obesity and metabolic syndrome, we excluded 2383 participants who were obese (BMI ≥ 25 kg/m 2 ) and/or had metabolic syndrome for subgroup analysis. Of the remaining 5157 lean and metabolic syndrome-free participants, 693 (13.43%) met diagnostic criteria of NAFLD. Serum complement C3 levels remained to be significantly higher in NAFLD patients compared with those without (1.24 (1.15-1.33) g/L vs. 1.12 (1.04-1.22) g/L, P < 0.001). A positive correlation between serum complement C3 levels and prevalence of NAFLD was also observed among lean and metabolic syndrome-free participants. The prevalence was 3.55%, 10.54%, 16.97%, and 29.66%, in quartiles 1, 2, 3, and 4, respectively (P for trend < 0.001). These results suggest that the link between serum complement C3 levels and NAFLD is not influenced by obesity and obesity-related metabolic disorders.
Elevated serum complement C3 levels independently increases risk of NAFLD. We further performed a stepwise multiple regression analysis, to explore whether elevated serum complement C3 levels was independently associated with increased risk for NAFLD. We input 17 variables including age, gender, body mass index, waist circumference, systolic and diastolic blood pressure, ALT/AST, γ -glutamyltransferase, albumin, triglyceride, total cholesterol, HDL cholesterol, fasting blood sugar, serum uric acid, white blood cell, platelet count, and serum complement C3 into the original equation. We found that 16 variables remained in the final equation and predicted to be closely associated with risk for NAFLD ( Table 2 . Association of serum complement C3 levels with prevalence rate of NAFLD. PR%, prevalence rate; PR, prevalence ratio.
provides strong evidence that elevated serum complement C3 is a significant independent factor associated with risk of NAFLD.
Discussion
This cross-sectional study revealed that NAFLD patients had higher serum complement C3 levels, which in further analysis turned out to be positively associated with both NAFLD prevalence and severity. This relationship was independent of age, gender, body mass index, waist circumference, systolic and diastolic blood pressure, ALT/AST, γ -glutamyltransferase, uric acid and other metabolic syndrome features. The role of complement system in metabolic disorders has been extensively investigated during recent years 19 . Serum complement C3 levels are observed to be independently associated with dyslipidemia 20 , coronary heart disease [21] [22] [23] , diabetes 24 , and hypertension 25 . In this study, we provided evidences for the first time that serum complement C3 level is independently associated with NAFLD in non-obese and metabolic syndrome free population, and the C3 levels are positively associated with severity of NAFLD. Our results suggested a significant role of complement C3 in NAFLD.
The underlying mechanism by which complement C3 interacts with NAFLD remained unknown, but several hypotheses were proposed. Firstly, complement components, particularly C3, play important role in lipid metabolism 20 . C3 is mainly synthesized in hepatocytes but can also be secreted by adipose tissue and recently discovered to be present in lipoprotein particles, such as high density lipoprotein and chylomicron 26, 27 . C3 knockout mice had 58% higher serum triglyceride levels and altered lipoprotein profile with more low-density lipoprotein cholesterol and very-low-density lipoprotein triglycerides, indicating a potential role of C3 in lipid metabolism regulation 28 . Secondly, innate immune response is a part of the most widely accepted theory of NAFLD pathogenesis, "two hit model". The first hit is correlated with insulin resistant with fat accumulation and then on this basis, oxidative stress induces varied inflammatory cytokines as well as great number of adipokines, inducing the second hit 29 . Complement system, as a major player in innate immune response, might be activated by the first hit and forming the second hit in NAFLD pathogenesis 30 . The third, hepatocyte apoptosis, activated by intracellular stress of membrane-bound organelles and molecule cascade including caspases 3 and 7, or cleavage of cytokeratin 18, is a key morphologic and pathogenic feature of human NAFLD and NASH 31 . Complement system was found to be activated by apoptosis and can help with recognition and clearance of apoptotic cells 32 . Thus elevation of serum complement C3 might act as a protective response in NAFLD mediated by apoptosis. Last but not least, acylation-stimulating protein (ASP), a C3 derivative involved in adipocyte lipid metabolism by stimulating triglyceride synthesis, was found increased in NAFLD patients 33 . On one hand, this was considered as a result from "ASP resistance" of adipose tissue in NAFLD patients, but on the other hand, hepatic C3 activation can also be the trigger 12 . ASP can promote triglyceride accumulation in liver cells; thereby forming a vicious cycle that complement activation exacerbates steatosis, and in return steatosis promotes complement activation.
Our study has some limitations. Firstly, although ultrasound-based diagnosis of NAFLD is widely accepted under clinical circumstances as a noninvasive cost-effective screening for NAFLD with sensitivity of 89% and specificity of 93%, it cannot replace pathological study as gold standard in disease diagnosis 34, 35 . Further explore the relationship between serum C3 levels and histological severity of NAFLD would be of great interest. Secondly, with the nature of cross-sectional study, no causal relationship can be identified. Further prospective studies are needed in this concern. Nevertheless, current analysis revealed that serum complement C3 is positively associated with prevalence of NAFLD and disease severity as well.
Our study has significant importance for NAFLD therapy and prevention. C3, as a key in innate immune system and potential regulator of lipid metabolism as mentioned above, may contribute significantly to pathogenesis of NAFLD. Thus, developing medication targeting C3/C3 receptor or intervening C3 activation might be effective for NAFLD treatment. Moreover, high serum C3 levels can also serve as an independent predictor for NAFLD. With well-established relationship between C3 and NAFLD prevalence as well as disease severity in addition to the role of potential therapeutic target, prognostic role of C3 is also worth investigating.
In conclusion, current cross-sectional study in a large Chinese population revealed that serum complement C3 level is positively associated with prevalence and severity of NAFLD, and this association is independent of obesity and metabolic syndrome.
